Abstract Aim To determine the variability in CT measurements of proximal thoracic aortic diameters obtained using double-oblique short axis and semiautomatic centerline analysis techniques. Institutional review board approval, with waiver of informed consent, was obtained for this HIPAA-compliant, retrospective study. Cardiac gated thoracic aortic CT scans were evaluated in 25 patients. Maximum aortic diameter measurements at the annulus, sinuses, sinotubular junction and ascending aorta were generated using double-oblique short axis and semiautomatic centerline analysis techniques. Intraobserver and interobserver variability and variability between techniques were assessed using the Wilcoxon signed rank test, Spearman's correlation coefficients and Bland-Altman plots. Mean intraobserver diameter differences using double oblique views ranged from -0.3 to 0.6 mm. The 95 % confidence interval for difference in diameters was ±2.4 to ±5.1 mm for radiologist #1 and ±2.6 to ±5.2 mm for radiologist #2, depending on location. Mean intraobserver diameter differences using centerline analysis ranged from 0.2 to 2.3 mm, and the 95 % confidence interval for difference in diameters was ±2.0 to ±4.6 mm, depending on location. Significant interobserver differences were seen for both double oblique views and centerline analysis. Measurements obtained using the two methods were strongly correlated (r = 0.81-0.99), although they were consistently larger using centerline analysis (95 % confidence interval, ±1.8 to ±3.2 mm). Although measurement variability of the proximal thoracic aorta was generally low using double oblique and centerline analysis techniques, differences of up to approximately 5 mm in diameter occurred within the 95 % confidence interval. Neither technique was clearly more reliable than the other.
Introduction
CT imaging is commonly used to determine aortic caliber and change in caliber over time. Measurements may be obtained using different methods, including manual diameters from axial images and double-oblique short axis views and semiautomatic diameters from 3D centerline analysis [1, 2] . It has been shown that the use of axial images leads to overestimation of aortic size at the root and sinotubular junction, potentially impacting surgical decision making [2] . The double oblique method is commonly available to radiologists using advanced image processing workstations, and is quickly and easily accomplished. On the other hand, semiautomatic centerline analysis is generally performed by trained technologists in a dedicated 3D imaging lab. The measurements generated for and included in clinical reports are relied upon to guide appropriate therapy, including surgical aortic replacement and transcatheter therapies in selected patients [3] [4] [5] [6] [7] . However, the repeatability and reproducibility of these measurements, and the correlation between measurements obtained using different methods, is largely unknown, and therefore, the reliability of a single CT measurement and the significance of small changes in diameter over time is unclear. There have been several previous studies that have examined aortic diameter measurement variability at CT; however, the measurement techniques employed in many these studies had a variety of drawbacks, and most of these techniques are no longer used in clinical practice. For example, some studies used only fully automatic contouring of the opacified aortic lumen to determine aortic diameters, without the necessary and essential manual adjustments that are commonly needed to correct erroneous centerline determinations and to include intraluminal thrombus, false lumens, or thickened aortic walls [8, 9] . Other studies used only standard axial images rather than double-oblique views, thereby resulting in inaccurate aortic diameters [10] . Thus, the degree of variability in proximal thoracic aortic measurements using current CT techniques remains to be established.
The aim of our study was to determine the variability in CT measurements of proximal thoracic aortic diameters obtained with state of the art tools that are used in daily clinical practice, namely double-oblique short axis and semiautomatic centerline analysis techniques.
Materials and methods
Institutional review board approval, with waiver of informed consent, was obtained for this HIPAA-compliant, retrospective study. Study population 37 consecutive, non-operated patients with cardiac gated thoracic aortic CT and transesophageal echocardiography (TEE) were identified via data mining of hospital information systems. (Patients with TEE scans were selected for future correlation between CT measurements and TEE measurements.) Twelve patient CT exams were excluded due to motion artifact, leaving 25 exams (in 25 patients) for further analysis. The 25 patients included 19 men and 6 women, ranging in age from 22 to 80 years (mean 64 years). CT exams were performed to evaluate a known ascending aortic aneurysm (14 patients), to assess for aortic disease in the setting of known aortic valve disease (10 patients), or to evaluate for a suspected aortic dissection (1 patient) . No patients showed a dissection of the proximal aorta on these studies.
CT imaging techniques
CT exams were performed on 64-detector CT scanners (Discovery CT750HD, GE Healthcare, Milwaukee, WI, USA). Images were obtained through the thoracoabdominal aorta and pelvic arteries (lung apices to symphysis pubis) during intravenous injection of 120 ml iopamidol 370 mg I/ml (Isovue 370, Bracco Diagnostics, Inc., Princeton, NJ, USA) at 4 ml/second, followed by a 50 ml saline chaser at 4 ml/second. Retrospective ECG-gating was used during scanning of the thoracic portion of the examination, with axial reconstructions at 75 % of the R-R cycle. Most of these exams were baseline studies, with no previous CT or MR imaging for comparison. Due to the known association of abdominal aortic aneurysms with thoracic aortic aneurysms [11] , we routinely image the entire aorta on baseline exams in order to screen for additional aneurysms. Retrospective, rather than prospective, ECG-gating was employed because, on our scanners, a fast switch between the gated thoracic exam and the ungated abdominal/pelvic exam could only be accomplished with retrospective gating, enabling the use of a single bolus of intravenous contrast material and the ability to seamlessly obtain 3D reconstructions from the entire data set. No pharmacologic agents were used for heart rate control; generally these were unnecessary due to the use of retrospective gating, rather than prospective gating.
CT scanner detector collimation width was 0.625 mm, and images were reconstructed at 1.25 ml thickness and 0.625 ml intervals using a 25 cm field of view. Gantry rotation time was 0.4 s and the scan pitch was 0.23-0.26. Depending on the patient size, the maximum tube current ranged from 438 to 700 mA, and kVp was fixed at 100-120. Typical DLP values for the ECG-gated portions of the examinations ranged from approximately 700-1300 mGy-cm.
Measurement techniques
Aortic measurements were obtained using two different techniques. All evaluators were blinded to all clinical data and to any previously obtained measurements. Firstly, two faculty radiologists with 25 and 5 years of experience, respectively, in cross sectional imaging (and with specialization in cross sectional vascular imaging) independently evaluated the CT studies. For each exam, the radiologist generated double-oblique short axis views through the proximal aorta on an independent imaging workstation (Vital Images workstations, Vitrea 6.0.1 3D analysis software, Minnetonka, MN, USA). Measurements were then manually obtained from these images to determine the largest diameter at the following locations: annulus, sinuses (cusp to cusp), sinotubular junction, and mid ascending aorta. In addition, the aortic root was measured from each sinus cusp (right, left, and non-coronary) to the opposite commissure. The thickness of the aortic wall was included in the measurements. For each patient, this entire procedure was repeated by each radiologist, including the creation of new double-oblique reconstructions; an interval of at least 2 weeks between measurement sessions was used to assure lack of recall bias when remeasuring. Secondly, measurements at the same aortic locations were obtained in the department's 3D lab by a single experienced CT technologist using standard semiautomatic centerline analysis [1] on an independent workstation (Advantage Windows workstations, software version 4.5, GE Healthcare, Milwaukee, WI); outer aortic wall contours were adjusted by the technologist, as necessary, in order to include the wall and exclude adjacent structures. The same measurements were repeated by the same technologist at least 2 weeks later, using newly generated centerline analysis images. These measurements were called ''research semiautomatic centerline analysis measurements.'' All measurements were rounded to the nearest mm. A technologist performed these measurements (rather than a radiologist) in order to simulate day to day clinical practice. As in clinical practice, these measurements were checked by a radiologist for accuracy in delineating aortic contours and choosing short axis planes for measurement.
In addition, measurements at the sinuses (maximum cusp to cusp only), sinotubular junction, and mid ascending aorta were extracted from the clinically generated CT report and used for comparison purposes; the other measurements used for this research study were not included in the clinical report. These clinical measurements were generated in the 3D lab by a variety of trained CT technologists using standard semiautomatic centerline analysis, immediately after the scan was performed; these measurements were called ''clinical semiautomatic centerline analysis measurements.' ' No specific threshold level of aortic contrast enhancement was needed for performing semiautomatic centerline analysis, as this varies by patient and may be affected by a variety of parameters such as graininess of images (related to body habitus), motion artifact and vessel diameter and shape. Also, the degree of contrast enhancement was generally not important for obtaining radiologist generated double-oblique short axis measurements, because contrast is not needed for this technique, except at the level of the aortic annulus.
Statistical analysis
The first and the second measurements were compared for each radiologist and for the semiautomatic centerline analysis to assess the intraobserver variation. For interobserver variation, the mean measurements from one radiologist were compared to the mean measurements from the other radiologist, and the mean measurements from the research semiautomatic centerline analysis were compared to the clinical semiautomatic centerline analysis measurements. The overall average of the measurements from the double-oblique views from both radiologists was also calculated for comparison with the average of the measurements obtained using research semiautomatic centerline analysis. Both intraobserver and interobserver variation were evaluated using the same methods. The Wilcoxon signed rank test was used and the direction of the differences at each location was noted. Scatter plots were produced to display the data. Bland-Altman plots were created including the range of mean difference (mm) ±1.96 standard deviation (SD) [12] . Spearman's correlation coefficients were used to assess the relationships between the double-oblique views and the semiautomatic centerline analyses. A 5 % level of significance was used to evaluate statistical significance in all analyses. No adjustment was made for multiple comparisons.
Results
The aortic measurements obtained using different techniques are shown in Table 1 . The intraobserver variation analysis results are shown in Table 2 . Statistical significance was found at one location for radiologist #1 (largest sinuses diameter cusp to cusp) and at two locations for radiologist #2 (annulus and non-coronary sinus cusp to commissure) using double-oblique views. The range of the mean difference across the locations for radiologist #1 was -0.3 to 0.6 mm; the smallest difference to the largest difference was -6.0 to 9.0 mm. For radiologist #2, the range of the mean difference across the locations was -1.0 to 0.2 mm; the smallest to the largest difference was -4.0 to 11.0 mm. The 95 % confidence interval for difference in diameters was ±2.4 to ±5.1 mm for radiologist #1 and ±2.6 to ±5.2 mm for radiologist #2, according to location. Figure 1 shows different measurements for the same anatomic location using the double-oblique method. For six of the measurement locations, intraobserver differences were significantly different using research semiautomatic centerline analysis, and the differences were all in the same direction. The mean difference across locations was 0.2-2.3 mm, and the smallest to the largest difference was -4.0 to 9.0 mm. The 95 % confidence interval for diameter differences was ±2.0 to ±4.6 mm, Figure 2 shows different measurements for the same anatomic location using the semiautomatic centerline analysis method. There were no obvious trends in the Bland-Altman plots (not shown) for the double-oblique views when evaluating intraobserver variation. Furthermore, the direction of the differences for the radiologists did not appear to be systematically different from each other. The Bland-Altman plots (not shown) of the research semiautomatic centerline analysis showed signs of intraobserver variation, and the measurements were consistently smaller the second time.
The interobserver variation analysis results are shown in Table 3 . When comparing between radiologists, doubleoblique views showed significant differences for all cusp to commissure sinus measurements, as well as at the sinotubular junction and mid ascending aorta. The average measurements of each radiologist did not vary consistently in the same direction compared to the other radiologist. The range of the mean difference across locations was -0.9 to 1.3 mm, and the smallest difference to the largest difference was -6.0 to 5.5 mm. The 95 % confidence interval for difference in diameters was ±2.6 to ±4.8 mm, according to location. Semiautomatic centerline analysis measurements showed significant interobserver variability only in the mid ascending aorta; however, clinical reports did not include annulus or cusp to commissure measurements, and therefore interobserver variability could not be ascertained for these measurements. The range of the mean difference across the locations was -0.7 to 0.1 mm, and the smallest difference to the largest difference was -3.0 to 5.0 mm. The 95 % confidence interval for diameter differences was ±2.3 to ±3.6 mm, according to location.
Comparison between double-oblique views and semiautomatic centerline analysis showed statistically significant differences at all locations except the annulus (Table 3 ). The measurements obtained using the two methods were strongly correlated (r = 0.81-0.99), although they were consistently larger using semiautomatic centerline analysis compared to double-oblique views (Table 3, Figs. 3, 4) . The mean difference across the locations was -2.0 to -0.5 mm, and the smallest to the largest difference was -4.8 to 3.8 mm. The 95 % confidence interval for the difference in diameters was ±1.8 to ±3.2 mm, according to location. There was no relationship between the standard deviation of the differences and the aortic diameter.
Discussion
Normal adult thoracic aortic diameters have been reported according to gender and specific location, and it is known that the normal diameter increases with progressing age [13] . An increase in the aortic diameter of [5 mm per year is considered rapid growth, prompting consideration for intervention [13] . However, the significance of small diameter measurement changes on serial CT exams is largely unknown due to the uncertainty of measurement variability. Our study found low overall intraobserver and interobserver variability for measurements obtained using double-oblique views, with mean measurement differences of no more than 1.3 mm. However, within the 95 % confidence interval, there was up to 5.2 mm in variability, and there were occasional outliers of up to 11 mm measurement differences. The major cause of this variability was likely due to the manual generation of slightly different obliquities that led to different cross sectional diameters. This problem tends to be minimized for aortas that ascend along the z axis in the body, and is exacerbated for tortuous or curvaceous aortas or for sections of the aorta (such as the root) that tend to ascend oblique to the z axis. Similarly, intraobserver and interobserver variability for measurements obtained using semiautomatic centerline analysis was low overall, showing mean measurement differences of no more than 2.3 mm. However, within the 95 % confidence interval, there was up to 4.6 mm in variability, and there were occasional outliers of up to 9 mm measurement differences. The software used for this study (and for routine clinical work) is sometimes unable to automatically define the centerline at the aortic root, and manual centerline definition or adjustment may be necessary. In addition, the presence of atheromatous disease in the aortic wall, intraluminal thrombus, or the presence of an aortic dissection may result in erroneous centerline identification, requiring manual editing. Such manual adjustments may lead to variations in diameter measurements. Furthermore, measurement variability using either technique (double-oblique or semiautomatic centerline analysis) may arise from differences in defining the outer contours of the aortic wall; occasionally these contours are difficult to ascertain and definition is somewhat arbitrary, particularly if contours are obscured by motion artifact or streak artifact from contrast in the superior vena cava. In addition, diameter variations may arise from the choice of a slightly different location along the length of the aorta. It is difficult to compare our results with those in the medical literature due to differences in measurement techniques. The study of Lu and colleagues found an intraobserver variability of only 0.8 mm [-0.8, ?0.8] using fully automatic centerline analysis (without editing) to obtain the largest mid ascending aortic intraluminal diameter (excluding the aortic wall) [8] . Using double-oblique short axis images, Lin et al. [9] also found low intraobserver variability for intraluminal measurements of the ascending a b c d aorta, with correlation coefficients of 0.97 for AP and 0.96 for lateral measurements; the authors did not measure short and long axis diameters. Interobserver correlation coefficients in this study were 0.94 and 0.92, respectively. Neither of these studies involved manual adjustments to include the aortic wall; however, in clinical practice it is necessary to make such adjustments in order to include any intraluminal thrombus, aortic wall atheroma, non-opacified false lumen (in the setting of aortic dissection) and/or thickened aortic wall, to reflect the correct aortic diameter. Mao and colleagues found intra-and interobserver variabilities of 3 and 3.2 %, respectively, for measuring ascending aortic diameters with cardiac gated CT [10] ; however, they used only standard axial images, without double-oblique views or centerline analysis. Standard axial plane images are not optimal for assessing aortic diameters due to the potential for obliquity or tortuosity of the aorta, which may lead to erroneous measurements. Altiok and colleagues found low intraobserver and interobserver variability for measurements of the aortic annulus using dual source CT, with correlation coefficients of 0.91 and 0.81, respectively, and standard error of estimates of 0.79 and 1.13 mm, respectively, for measurements obtained from oblique sagittal images; for measurements obtained from standard coronal images, the correlation coefficients were 0.95 and 0.91, respectively, and standard error of estimates were 0.62 and 0.79 mm, respectively [6] . These authors did not obtain measurements from double-oblique axial images, and it is unclear if repeated measurements entailed the creation of new reconstructions versus measurements from the original reconstructions.
In our study, the reliability of semiautomatic centerline analysis was similar to that of double-oblique axial image measurements. In comparison, Regnier and colleagues [14] reported slightly higher interobserver variability for double-oblique CT views versus centerline analysis (8.2 % ± 7.2 vs. 6.6 % ± 8.2), for outer wall-outer wall measurements of aneurysms in the aortic arch or descending aorta by non-expert readers (proximal aortic measurements were not obtained). One limitation of our study was the inclusion of only patients with relatively motion free CT exams; aortic measurements would presumably show greater variation on exams with more motion artifact, due to the difficulty of defining the outer edge of the aortic wall. In addition, our study included few patients with marked aortic dilatation; however, although measurement variation could be different in larger caliber aortas, we did not find any correlation between measurement variability and aortic diameter in the patients we scanned. In addition, the patients in this study did not have extremely thickened or irregular aortic walls; such features could potentially lead to greater measurement variability due to the need for extra editing of semiautomatic centerline analysis contours.
In conclusion, although there was low mean measurement variability of the proximal aorta using double-oblique short axis or semiautomatic centerline analysis techniques, variability of up to approximately 5 mm in diameter occurred within the 95 % confidence interval. Neither technique was clearly more reliable than the other. Given this variability, apparent small changes in proximal aortic diameters on serial CT exams (B3 mm) should be viewed with skepticism, realizing that they may be within the range of measurement error. When measurements are made using 3D analysis, the operator should directly compare with images from any previous 3D analyses, to ensure comparable obliquities and measurement locations.
